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Section  I 
INTRODUCTION 


STATEMENT  OF  THE  PROBLEM 

Monolithic  integration  of  electronic  circuits  in  silicon  has  aade 
possible  a  revolution  in  electronic  computation  and  signal  processing. 
Today,  gallium  arsenide  integrated  circuits  (GaAs  ICs)  are  extending 
this  electronic  revolution  to  ever  higher  speed  devices. 

Optical  signal  processing,  despite  its  consistent  advances  and  several 
early  successes  such  as  synthetic  aperture  radar  and  the  optical 
spectrum  analyzer,  is  falling  increasingly  behind  the  electronic 
competition.  Functions  which  formerly  required  the  speed  and 
parallelism  of  optics  are  now  being  implemented  entirely  in  digital 
electronics.  The  reasons  for  this  are  several,  but  one  in  particular 
stands  out:  the  lack  of  emphasis  given  to  compatibility  Issues  between 
optical  and  electronic  IC  fabrication  processes.  As  a  result,  most 
integrated  optic  devices  demonstrated  to  date  have  been  discrete 
components  requiring  laborious  interfacing  to  predominantly  electronic 
systems. 

For  integrated  optical  signal  processors  to  compete  on  a  cost  basis  with 
digital  electronics,  monolithic  optoelectronic  Integration  will  be 
required.  Optical  waveguides,  switches,  modulators,  sources  and 
detectors  as  well  as  electronics  must  be  Integrated  on  a  single 
substrate.  Microelectronics,  being  the  dominant  technology,  will  not 
likely  bend  to  accommodate  the  optics.  Therefore,  Integrated  optics 
must  seek  better  compatibility  with  mainstream  microelectronics. 

ZINC  OXIDE  ON  GALLIUM  ARSENIDE 

Honeywell's  approach  to  IC  compatible  optoelectronic  Integration  uses 
thin- film  waveguides  of  zinc  oxide  (ZnO)  on  substrates  of  gallium 
arsenide.  Table  1-1  offers  a  comparison  of  thin-fila  ZnO  with  two  more 
prevalent  waveguide  materials— lithium  nlobate  (LltibOj)  and  aluminum 
gallium  arsenide  (AIGmAs). 

LIM9O3  is  the  current  research  material  of  choice  for  Integrated  optics. 
It  is  reasonably  transparent  and  has  strong  electro-optic  and  piezo¬ 
electric  properties.  Channel  waveguides  are  fabricated  in  LiNb03  by 
in-diffusion  of  titanium.  The  resulting  waveguides  have  rather  large 
mode  dimensions  which  can  be  well  matched  to  optical  fibers.  A  number 
of  researchers  have  demonstrated  impressive  integrated  optic  devices  in 
LiNb03.  The  chief  disadvantage  of  LiNb03  is  that  it  offers  no 
possibilities  for  monolithic  Integration  of  detectors,  electronics,  or 
light  sources.  Also,  coupling  of  LiNb03  devices  to  other  optical 
components  requires  expensive  polishing  and  alignment  operations. 


Table  1-1.  Electro-Optic  Vaveguide  Materials 


MATERIAL 


PROPERTY 

Thin  Film  ZnO 

LiNb03 

AlGaAs  on  GaAs 

Fabrication  Method 

Sputtered  fila 

Ti  diffusion 

Epitaxial  growth 

Refractive  Index 

2.0 

2.2 

3.5 

Attenuation 

>  0.1  dB/ca 

>  0.5  dB/ca 

4  to  40  dB/ca 
at  800-850  na 

Electro-Optic  Coefficient 
(10-12  a/V) 

r 13  *  -!•* 
r33  ”  +2.6 

r13  "  +8.6 
r33  •  +30.8 

r41  “  -1.5 

Piezoelectric  Effect 

Moderate 

Strong 

Very  weak 

Fiber  Coupling  Methods 

Cleave  &  butt 

Si  vee-groovea 

Polish  A  butt 

Cleave  A  butt 

Mode  Matching  to  Fiber 

More  difficult 

Easy 

More  difficult 

Electronica  Compatible? 

Yes 

No 

Yea,  but... 

Laaer  Coapatibla? 

Yes,  on  GaAs 

No 

Yes 

First  Lab  Deao 

1969 

1974 

1970 

3-lnch  Wafer  Coat 

$  7 

$  200 

$  250 

AlGaAs  is  often  cited  as  a  aaterial  sysbea  peraitting  full  eonolithic 
integration  of  high-speed  aicroelectronlcs ,  optical  waveguides,  and 
diode  lasers.  Honeywell  was  the  first  to  deaonstrate  the  aonolithic 
integration  of  an  AlGaAs  transverse  junction  stripe  (TJS)  laser  with  a 
GaAs  4:1  aultiplexer.  Such  full  optoelectronic  integration  is  very 
difficult  because  the  electronic  properties  of  GaAs  are  degraded  by  the 
high  teaperature  processes  required  for  growing  lasers  and  waveguides. 
Also,  AlGaAs  waveguides  have  rather  high  optical  losses  at  AlGaAs  laser 
wavelengths  of  800-850  na. 

Deposited  waveguides  of  ZnO  or  other  thin-flla  eater lals  have  a  nuaber 
of  advantages  over  either  bulk  crystal  (LiNt^)  or  epitaxially  grown 
(AlGaAs)  waveguides.  Thin  files  can  be  sputter  deposited  inexpensively 
on  a  variety  of  substrates  Including  both  Si  and  GaAs.  The  sputtering 
is  done  at  relatively  low  teaperatures ,  peraitting  the  fabrication  of 
aicroelectronlcs  and/or  lasers  on  the  saae  substrate.  Because  of  their 
lower  optical  loss  and  lower  teaperature  of  deposition,  thln-fila 
waveguides  are  an  attractive  alternative  to  AlGaAs  waveguides  for 
aonolithic  Integration  on  GaAs. 

Slallarlty  of  node  profiles  and  ease  of  allgnaent  are  laportant 
considerations  when  coupling  Integrated  optical  devices  to  optical 
fibers  or  diode  lasers.  Coapered  to  LiNbO?  waveguides,  the  node 
profiles  of  thin-flla  waveguides  are  less  well  Batched  to  those  of 
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optical  fibers  but  better  Batched  to  diode  lasers.  Precise  vee-grooves 
can  be  anisotropically  etched  into  substrates  of  Si,  thus  providing 
inexpensive  alignment  between  thin-fila  waveguides  and  optical  fibers. 

Zinc  oxide  is  unique  aaong  thin-fila  waveguide  materials.  Sputter 
deposited  ZnO  films  are  polycrystalline  with  the  c-axis  oriented  normal 
to  the  substrate.  ZnO  has  sizeable  piezo-electric,  electro-optic,  and 
nonlinear  optical  coefficients,  making  it  possible  to  fabricate  surface 
acoustic  wave  (SAW)  and  active  optical  devices  in  the  same  film. 
Waveguides  of  ZnO  can  have  very  low  optical  losses,  with  values  as  low 
as  0.01  dB/cm  having  been  reported  for  laser  annealed  planar  films  on 
oxidized  silicon. 

SUMMARY  OF  APPROACH 

The  following  several  paragraphs  summarize  the  basic  optical  components 
—waveguides,  switches,  couplers,  and  detectors— required  for 
fabricating  thin-fila  ZnO  on  GaAs  optoelectronic  circuits. 

The  structure  of  our  thin-fllm  channel  waveguides  is  depicted  in  Figure 
1-1.  Light  is  confined  to  the  ZnO  film  which  is  sandwiched  between  two 
lower  index  layers  of  SIO2.  For  single  mode  operation,  the  thickness  of 
the  ZnO  layer  is  about  0.3  micron  while  the  lower  SIO2  (buffer)  layer 
must  be  1.0  micron  or  more  to  minimize  coupling  to  the  higher  index 
substrate.  While  waveguides  on  Si  have  generally  used  a  thermally  grown 
buffer  layer,  GaAs  substrates  necessarily  require  a  deposited  oxide.  A 
second  oxide  layer,  deposited  over  the  ZnO,  provides  passivation  and  a 
symmetric  mode  structure. 


Figure  1-1.  Thln-Pilm  Waveguide  Structure.  Vertical 

confinement  is  provided  by  the  planar  Si02-Zn0- 
Si02  structure.  Thicker  ZnO  in  the  channel 
region  produces  lateral  confinement  by  locally 
increasing  the  effective  refractive  index. 


Lateral  confinement  of  the  optical  node  Is  provided  by  ridge  structure 
which  increases  the  effective  refractive  index  in  the  channel  region. 
Various  combinations  of  ridge  height  and  width  will  result  in  single 
node  waveguides,  but  a  width  of  2.5  microns  and  a  height  of  about  100  f 
provide  a  good  compromise  between  ease  of  fabrication  and  acceptable 
bending  losses.  Since  the  ridge  height  is  rather  small,  scattering  due 
to  sidewall  roughness  can  be  minimal. 

An  electro-optic  switch  of  the  4-port  directional  coupler  delta  beta 
type  is  depicted  in  Figure  1-2.  This  type  of  switch  can  be  readily 
fabricated  in  ZnO  waveguides  and  is  useful  for  crossbar  networks  and 
other  applications  in  which  light  must  be  switched  from  one  channel  to 
another.  The  fraction  of  light  coupled  into  the  parallel  guide  is  a 
periodic  function  of  the  interaction  length.  Generally,  this  length  is 
chosen  to  be  a  bit  longer  than  one  half  coupling  period.  A  voltage 
across  the  electrodes  produces  equal  and  opposite  refractive  index 
changes  (electro-optic  effect)  in  the  two  guides.  The  resulting 
imbalance  modifies  the  coupling.  The  split  electrode  configuration 
assures  that  the  coupling  can  be  electrically  tuned  between  zero  and  100 
percent  without  the  need  for  achieving  exactly  one  half  coupling  period. 


Figure  1-2.  Delta  Beta  Electro-Optic  Switch.  Coupling 
between  the  two  waveguides  depends  on  their 
separation,  length  of  interaction,  and  any 
differences  in  mode  velocity  (beta).  Length  and 
separation  are  chosen  to  give  complete  crossover. 
A  voltage  across  the  electrodes  then  unbalances 
the  node  velocities  to  prevent  crossover. 


A  second  type  of  electro-optic  switch,  the  Hach-Zehnder  interferometer, 
is  depicted  in  Figure  1-3.  This  is  essentially  an  intensity  eodulator. 
A  first  Y-branch  divides  the  light  equally  between  the  two  legs  of  the 
interferometer.  A  second  Y-branch  then  recoablnes  the  light  following 
an  electro-optic  phase  shift  applied  differentially  between  the  two 
legs.  The  in-phase  fraction  of  the  light  is  coupled  to  the  output  guide 
while  the  out-of-phase  portion  is  lost  to  radiation  modes. 

Figure  1-4  depicts  the  use  of  Si  or  GaAs  vee-grooves  for  automatic 
alignment  of  optical  fibers  to  thin- film  waveguides.  The  vee-grooves, 
bounded  by  slow  etching  111  crystallographic  planes,  are  obtained  by 
anisotropic  etching.  This  approach  is  more  production  oriented  than  the 
lapping,  polishing,  and  aicroposltioning  technique  currently  required 
for  attaching  fibers  to  LiNb03  integrated  circuits. 


Figure  1-3.  Hach-Zehnder  Inter ferone trie  Switch.  A  voltage 
applied  to  the  electrodes  modulates  the  output 
channel.  Since  the  output  waveguide  is  single 
mode  (no  antisymmetric  modes),  any  phase 
mismatched  light  is  coupled  to  radiation  nodes. 


One  of  the  strengths  of  the  thin-fila  ZnO  on  GaAs  approach  to 
optoelectronic  circuits  is  that  Schottky  diode  photodectors  can  be 
easily  fabricated  in  the  GaAs  substrate.  Figure  1-5  depicts  how  light 
nay  be  coupled  from  a  waveguide  to  such  a  detector.  Waveguide-to- 
detector  coupling  occurs  through  an  opening  in  the  buffer  layer. 
Optimal  coupling  would  require  tapering  of  the  buffer  layer  to  prevent 
the  back  reflections  which  result  from  an  abrupt  discontinuity. 


Figure  1-4.  Fiber- to-Waveguide  Coupling.  Precision  vee- 
grooves,  anisotropically  etched  into  the  GaAs 
substrate,  provide  alignaent  of  fibers  to  channel 
waveguides. 


Figure  1-5.  Integrated  Waveguide  Photodetector.  An  opening 
in  the  Si02  buffer  layer  causes  light  to  be 
coupled  to  the  high  index  GaAs  substrate. 


The  foregoing  discussion  summarizes  our  approach  to  monolithic 
Integration  of  waveguides,  switches,  couplers,  and  detectors  on  a  GaAs 
substrate.  The  emphasis  throughout  is  on  compatibility  with  mainstream 
GaAs  microelectronics  fabrication  processes.  Although  optically  passive 
devices  aay  be  realized  using  fiber-to-chip  or  laser-to-chip 
interconnects,  the  more  useful  devices  will  ultimately  require 
monolithic  integration  of  AlGaAs  lasers.  While  laser  integration  is 
beyond  the  scope  of  this  program,  it  is  our  primary  justification  for 
selecting  a  GaAs  substrate. 

The  following  sections  will  review  the  objectives  and  accomplishments  of 
the  program  and  suggest  possible  directions  for  future  research. 
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Section  II 

TECHNICAL  OBJECTIVES 


LONG-TERM  OBJECTIVE 

The  long-tent  objective  In  pursuing  this  research  prograa  has  been  to 
develop  aonollthic  optoelectronic  circuits  of  thin-flla  zinc  oxide  on 
gal Hue  arsenide  (ZnO  on  GaAs)  for  optical  signal  processing 
applications. 

Zinc  oxide  is  a  unique  waveguide  aaterlal  in  that  it  can  be  sputter 
deposited  at  low  temperatures  to  fora  well-oriented  polycrystalline 
files  having  very  low  optical  losses  and  reasonably  large  piezoelectric 
and  electrooptic  effects.  Deposited  files  of  cadeiue  sulfide  and 
alualnua  nitride  files  have  siellar  piezoelectric  and  electrooptic 
properties,  but  are  not  reported  to  have  exhibited  low  optical  loss. 

OBJECTIVES  OF  THE  RESEARCH  PROGRAM 

The  objective  of  the  Thln-Flla  Optoelectronic  Circuits  Research  Prograa 
has  been  to  Identify  and  investigate  IC-coapatible  fabrication  processes 
for  thin-flla  optoelectronic  circuits  of  ZnO  on  GaAs.  This  technology 
will  enable  the  eonolithic  integration  of  optical  coeponents  with 
aalnstreaa  GaAs  and  Si  alcroelectronlcs. 

Originally  proposed  as  a  three-year  effort,  the  prograa  was  later 
condensed  to  two  years  at  the  request  of  the  sponsor. 

During  the  first  year  of  the  prograa,  we  successfully  aet  our  objective 
of  identifying  and  deaonstrating  IC-coapatible  fabrication  aethods  for 
discrete  optical  coaponents  Including  waveguides,  switches,  detectors, 
and  fiber- to-wavegulde  couplers. 

During  this  second,  final  year  of  the  prograa,  we  have  largely  aet  our 
prlaary  objective  of  integrating  aost  of  these  various  optical 
coaponents  into  optical  circuits  on  GaAs  while  still  aalntalnlng  IC 
process  coapatiblllty.  As  a  deaonstratlon  vehicle,  we  atteapted  to 
fabricate  2x2  and  1  x  4  optical  crossbar  switches  with  fiber  optic 
Inputs  and  outputs.  This  deaonstratlon  was  not  coapleted  because  we 
were  unable  to  obtain  ZnO  filas  of  sufficient  quality. 


2-1 


Section  III 

RESULTS  AND  DISCUSSION 


This  section  reports  our  efforts  to  develop  an  IC-coapatible  fabrication 
processes  for  thin-fila  optical  circuits  on  GaAs.  Circuit  coaponents 
include  channel  waveguide  structures,  fiber- to- waveguide  couplers, 
electro-optic  switches,  and  integrated  photodetectors.  The  section 
concludes  with  a  suaaary  of  our  accoaplishaents. 

ZINC  OXIDE  MATERIAL 

Figure  3*1  shows  the  theoretical  dispersion  curves  of  an  S102:Zn0:S102 
planar  waveguide.  ZnO  fill  thicknesses  near  3000  A  yield  single-aode 
guides  with  a  aaxiaua  degree  of  conflneaent.  Siallar  curves  can  be 
generated  for  waveguides  lacking  an  upper  passivation  layer  of  S102. 
Files  were  characterized  prior  to  passivation  by  aeasurlng  their  nodal 
indices  (Neff)  and  waveguide  attenuation.  Modal  indices  were  converted 
to  ZnO  flla  thickness  and  refractive  index  by  fitting  to  the  theoretical 
dispersion  curves.  The  aeasureaent  techniques,  utilizing  rutile  prisas, 
are  depicted  in  Figures  3*2  and  3*3* 


ZnO  THICKNESS,  MICRONS 


Figure  3-1*  Modes  of  ZnO  Thin-Fila  Waveguide.  Single  node 
operation  is  achieved  with  a  ZnO  fila  thickness 
near  3000  A. 
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Figure  3-2.  Measurement  of  Modal  Indlceq.  The  asseably  Is 
rotated  until  the  reflected  beaa  is  bisected  by  a 
dark  line,  the  aissing  light  being  coupled  to  a 
waveguide  node.  Modal  indices  are  coaputed  froa 
the  aeasured  coupling  angles. 

Figure  3-3*  Measurement  of  Planar  Maveguide  Attenuation.  The 
output  prisa  is  repeatedly  reaoved  and  replaced 
closer  to  the  input  prisa.  Attenuation  (dB/ca) 
is  obtained  froa  a  plot  of  optical  throughput 
(dB)  versus  prisa  separation  (ca). 

Froa  the  beginning,  our  efforts  were  hampered  by  difficulties  in 
depositing  ZnO  files  of  suitable  quality.  This  was  primarily  due  to  the 
vertical  geoaetry  of  our  RF  sputtering  system  which  gave  a  nonunifora 
fila  thickness  and  allowed  "crumbs"  of  ZnO  to  rain  down  froa  the  shutter 
and  onto  the  substrate.  The  "cruab"  problea  was  temporarily  resolved  at 
considerable  effort  by  a  thorough  cleaning  of  the  apparatus,  but  the 
situation  was  less  than  satisfactory. 

Because  both  this  program  and  Honeywell's  I  RAD  Fiber  Optic  Gyro  prograa 
required  high  quality  ZnO  filas,  we  elected  to  undertake  an  internally 
funded  effort  to  develop  ion  beam  sputtered  ZnO  filas.  We  had 
previously  deaonstrated  that  ion  beaa  sputtering  could  produce  high 
optical  quality  S102,  T102  and  AI2O3  filas,  but  we  had  not  used  this 
technique  for  the  deposition  of  ZnO.  While  working  to  develop  a  ZnO 
aaterlal  capability  in  collaboration  with  our  Systems  and  Research 
Center,  we  have  substituted  filas  of  non-electrooptic  AI2O3  for  ZnO  in 
aany  of  our  devices.  These  high  quality,  ion  beaa  sputter  deposited 
AI2O3  filas  have  peraitted  us  to  successfully  demonstrate  a  number  of 
thin  fila  waveguide  coaponents.  Any  demonstration  of  electro-optic 
switches  has,  however,  been  unavoidably  delayed. 
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In  early  1986,  our  Systems  and  Research  Center  began  been  depositing 
waveguiding  files  of  ion  bean  sputtered  ZnO.  These  filns  are  well- 
oriented  and  of  unifora  thickness  and  quality  over  a  3-inch  substrate. 
However,  they  are  also  quite  conductive  and  have  generally  exhibited 
attenuation  losses  in  excess  of  25  dB/ca.  He  suspect  that  their  poor 
optical  and  electrical  properties  are  attributable  to  incoaplete 
oxidation.  While  further  development  effort  nay  iaprove  the  quality  of 
ion  beaa  sputter  deposited  ZnO  files,  they  were  of  little  use  to  the 
Thin-Fila  Optoelectronic  Circuits  Prograa. 

When  it  becaae  clear  that  Honeywell's  ZnO  aaterials  capability  would  not 
aeet  the  needs  of  the  Thin-Fila  Optoelectronic  Circuits  Prograa,  we 
began  to  investigate  alternative  sources.  Encouraging  Initial 
discussions  with  the  University  of  Arizona's  Optical  Sciences  Center 
were  soon  haapered  by  the  graduation  and  departure  of  a  key  student. 
After  learning  that  APA  Optics,  a  local  firm,  had  deposited  ZnO 
waveguides  on  glass  substrates,  we  asked  then  to  deposit  ZnO  filas  on 
five  of  our  GaAs  wafers.  The  optical  quality  of  the  APA  Optics  RF 
sputter  deposited  files,  at  20-25  dB/ca,  was  little  better  than  that  of 
our  System  and  Research  Center's  ion  beaa  sputter  deposited  filas. 

Although  we  were  not  successful  in  obtaining  optical  quality  ZnO  filas 
for  the  Thin-Fila  Optoelectronic  Circuits  Prograa,  we  did  succeed  in 
deaonstrating  a  number  of  passive  coaponents,  and  we  reaain  convinced  of 
the  aerits  of  a  thin-fila  approach  to  optoelectronic  Integration. 

FABRICATION  PROCESS  OVERVIEW 

Our  optoelectronic  circuit  fabrication  process  is  suaaarized  in  Figure 
3-4  and  described  in  the  following  paragraphs.  The  earliest  version  of 
this  process  served  as  a  framework  for  the  design  and  layout  of  the 
Phase  II  optical  circuit  demonstration  mask  set.  The  process  has  since 
been  considerably  refined  based  on ^actual  device  fabrication  experience. 
The  Phase  II  aask  set  and  a  sample  rdfe  sheet  giving  details  of  the 
fabrication  process  are  included  in  the  Append!*  (i.e.  Section  V). 

The  optical  circuits  fabricated1  by  this  process  have  an  electro- 
optlcally  active  GaAs-SiQ^-Zrti&ngs  BWji<Ny»ieetje»  jwith 
electrodes  above  and  below  tfti  IRTign luting  flliw  The  GaAs  substrate 
Includes  Schottky  photodiodes  and  Mto  initially  .intended  to  have 
anlsotroplcally  etched  vte-grooves  for-  thi  alignment  of  optical  fibers. 
In  keeping  with  the  prograa  objectives,  the  pagpess  is  fully  compatible 
with  mainstream  GaAs  IC  fabrication  and  can  ^tent tally  accommodate  a 
large  variety  of  active  electro-optic  and*acousto-optlc  devices. 

The  fabrication  process  begins  with  the  plasma  deposition  of  an  Si(>2 
buffer  layer  to  Isolate  the  optical  guided  modes  and  switch  electrodes 
from  the  semi-insulating  and  optically  lossy  GaAs  substrate.  If  GaAs 
Schottky  photodiodes  are  to  be  used,  slots  are  then  etched  through  this 
buffer  layer  to  allow  coupling  between  waveguides  and  detectors.  Next, 
a  first  metallization  layer  is  patterned  to  fora  the  Schottky  contacts, 
shunting  electrodes  for  the  electro-optic  and  acousto-optic  devices,  and 
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Photolith,  aask  5065-A-50 
Deposit  Ti-Au-Pt 
Liftoff 
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Deposit  Si02r  ljus 
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Figure  3-4.  Fabrication  Process  Overview.  This  process  is 
fully  coapatlble  with  aalnstreaa  GaAs  IC 
fabrication  and  can  potentially  accoaaodate  a 
large  variety  of  active  electro-optic  and 
acousto-optic  devices. 


also  various  alignment  and  identification  Barks.  Since  waveguides  aust 
pass  directly  over  this  first  aetallization  (e.g.,  electro-optic 
switches),  a  second  Si02  buffer  layer  is  deposited  to  prevent  optical 
attenuation  by  the  aetal  electrodes  (while  still  allowing  efficient 
waveguide-to-detector  coupling).  In  retrospect,  the  quality  of  the 
Schottky  contacts  could  be  iaproved  by  depositing  then  directly  on  the 
GaAs  prior  to  any  buffer  layers,  although  the  shunting  electrodes,  which 
are  on  the  saae  aask,  likely  benefit  by  being  electrically  isolated  froa 
the  substrate.  The  solution  is  to  incorporate  additional  lithography 
and  aetallization  steps  specifically  to  define  the  shunting  electrodes. 

After  the  bottoa  electrode  and  buffer  layer  structures,  the  next  step  in 
the  fabrication  process  is  deposition  of  the  ZnO  channel  waveguides 
using  the  two-step  ridge  and  planar  depositions  as  described  previously. 
This  is  followed  by  another  SIO2  buffer  layer,  the  upper  electrode 
aetallization,  and  a  thicker  S102  passivation  layer. 

Electrical  contacts  to  the  device  are  established  by  etching  through  the 
oxide  layers  to  the  underlying  bonding  pads  and  then  depositing 
additional  gold  by  a  liftoff  process.  During  the  saae  operation, 
optical  stops  are  etched  through  selected  portions  of  the  Si02-Zn0-Si02 
structure  to  prevent  unwanted  planar  waveguide  aodes. 

WAVEGUIDE  STRUCTURES 

One  of  the  first  problems  to  be  resolved  was  the  identification  of  a 
suitable  buffer  layer  for  isolating  the  optical  guided  wave  froa  the 
lossy  and  higher  index  GaAs  substrate.  Adequate  optical  isolation 
requires  a  buffer  layer  thickness  of  about  1  micron .  Sputtered  oxides 
were  unattractive  because  of  their  low  deposition  rates.  In  our 
previous  work,  we  had  used  theraally  oxidized  silicon  substrates.  This 
gave  a  high  quality  buffer  layer  but  required  several  hours  in  a  high 
temperature  furnace,  thereby  violating  our  goal  of  compatibility  with 
microelectronics.  Thermal  S102  served  as  a  convenient  standard  of 
buffer  layer  quality,  but  it  was  of  course  not  an  option  fl&gier*  for  the 
upper  passivation  layer  or  with  GaAs  substrates. 

We  conducted  a  series  ef  ezperiaents  to  assess  ta^iflBCfve  aerlts  of 
thermal,  ion  bean  sputtered,  and  plasma  deposited 5i^buffer  layers. 
Plasma  SiOj  is  attractive  in  that  it  can  be  deposited  to  considerable 
thicknesses  quite  rapidly.  We  deposited  (or  grew)  2  micron  thick  S102 
layers  of  each  type  on  Si  substrates.  We  then  broke  the  wafers  in  half 
and  deposited  Identical  1  alcron  thick  AI2O3  waveguiding  films  on  each 
of  the  halves  to  be  directly  compared  (two  dlssiallar  halves  per 
deposition).  We  then  aeasured  propagation  loss  of  the  TEq  aode  for  each 
sample  using  a  pair  of  rutile  prlsas  (Figure  3-3)*  To  the  .0.5  dB/ca 
accuracy  of  the  aeasureaents,  we  observed  no  significant  dependence  of 
propagation  loss  on  type  of  buffer  layer.  Since  our  fabrication  process 
would  involve  no  high  teaperature  processing,  we  assuaed  that  this 
result  would  be  equally  valid  on  GaAs  substrates  despite  their  higher 
teaperature  coefficient  of  expansion.  We  therefore  adopted  plasma  Si02 
as  both  buffer  and  passivation  layer  for  subsequent  work. 


Following  the  Identification  of  plaaaa  SiC>2  as  a  suitable  buffer  layer, 
our  second  aajor  goal  was  to  develop  a  process  for  fabricating  channel 
waveguide  ridge  structures.  A  general  deficiency  of  channel  waveguides 
is  soae  degree  of  excess  scatter  due  to  side  wall  roughness.  Our  ridge 
waveguide  structure  has  soae  inherent  advantages  in  this  respect.  Since 
the  ridge  height  Is  only  100-300  A  and  the  optical  node  is  confined 
predoainantly  beneath  the  ridge,  scattering  froa  the  ridge  sidewalls 
should  be  auch  reduced.  Our  work  prior  to  the  prograa  start  had  shown 
that  a  ridge  of  photollthographlcally  deposited  PMtA  introduced  little 
excess  scatter.  However,  PtMA  is  quite  hygroscopic  and  a  suitable  lower 
index  aaterial  for  a  passivation  layer  would  be  difficult  to  find.  We 
therefore  decided  to  fora  the  ridge  using  a  high  index  aaterial, 
preferably  the  saae  aaterial  as  the  waveguiding  file  (ZnO). 

Our  baseline  approach  to  ridge  waveguide  fabrication  required  partial 
etching  of  the  ZnO  fila  everywhere  except  the  ridge.  It  was  a  disaal 
failure.  While  virtually  any  etchant  would  attack  the  ZnO,  our  filns 
were  not  unifora  in  their  etch  resistance,  having  both  hard  and  soft 
features  on  a  fine  scale.  This  was  likely  related  to  grain  or  coluan 
structure  in  these  oriented  polycrystalline  files.  Consequently,  both 
the  ridge  sidewalls  and  the  surrounding  planar  fila  were  left  in  a  very 
rough  condition  producing  unacceptably  high  scktter. 

Our  revised  approach  was  to  deposit  the  ridge  in  a  separate  operation 
using  a  liftoff  process.  We  initially  used  either  SI1H4  or  AI2O3  for 
the  ridge  because  these  aaterlals  were  aore  readily  available  than  ZnO, 
and  the  ridge  was  thin  enough  coapared  to  the  underlying  ZnO  fila  that  a 
different  ridge  aaterial  was  not  expected  to  significantly  perturb  the 
electrooptic  or  piezoelectric  properties  of  the  overall  structure.  We 
found  that  soae  tearing  of  the  ridge  occured  during  liftoff,  giving  a 
rather  ragged  sidewall  in  places. 

Two  further  reflneaents  brought  us  to  our  current  fabrication  process, 
depicted  in  Figure  3-5.  First,  a  chlorobenzene  soak  was  adopted  to 
produce  the  overhanging  photoresist  structure  shown  in  Figure  3-6. 
Following  exposure,  a  10  to  20  alnute  soak  in  chlorobenzene  hardened  the 
AZ-1350  photoresist  to  a  depth  dependent  on  the  soaking  tine.  During 
developaent,  the  deeper  lying  photoresist  then  dissolved  at  a  faster 
rate  than  near  the  surface,  causing  the  observed  undercutting.  The 
overhanging  photoresist  then  acted  as  a  shadow  aask  for  the  subsequent 
ZnO  ridge  deposition,  ellalnatlng  any  tearing  during  liftoff.  As  an 
added  benefit,  the  ridge  sidewalls  were  aore  rounded  perhaps,  although 
this  would  be  difficult  to  conflra.  The  chlorobenzene  soak  was  later 
replaced  by  a  sore  dependable  two-layer  resist  process  in  which  the  top 
layer  of  AZ-1350  was  exposed  and  developed  to  serve  as  a  aask  for  deep 
UV  flood  leap  exposure  of  the  underlying  layer  of  PMMA.  The  superior 
perforaance  of  the  two-layer  process  is  shown  in  Figure  3-7. 

A  final  process  refineaent  Involves  depositing  the  ridge  prior  to  the 
planar  fila.  This  provides  an  opportunity  for  any  residual  roughness  of 
the  ridge  sidewalls  to  be  soaewhat  saoothed  over  during  the  subsequent 
planar  deposition.  Two  additional  benefits  are  that  the  aore  critical 


deposition  occurs  earlier  in  the  process  and  that  ridge  height  aay  be 
adjusted  to  compensate  for  photolithographic  variations  in  channel  width 
while  affording  a  later  opportunity  to  control  the  overall  bridge  plus 
planar)  thickness. 


•  Spin  on  photoresist  (PR) 

•  Expos*  channel  pattern 

•  Soak  in  chlorobenzene 

•  Develop  PR 


*  Deposit  TazOs  ridge 


•Liftoff 


Figure  3-5.  Charnel  Waveguide  Fabrication  Process.  The 
overhanging  photoresist  shadow  sask  results  in 
very  saooth  edges  for  the  Ta^  ridge.  These 
edges  are  perhaps  further  saoothed  by  the  planar 
ZnO  deposition. 


Figure  3-6*  Chlorobensene-Soeked  Photoresist  Shadow  Marie. 

The  overhang  is  adequate  for  liftoff  but  ridge 
deposition  onto  the  "foot"  yields  rough 
sidewalls.  The  channel  width  is  3  alcrons. 


Figure  3-7.  Two-Layer  Photoresist  Shadow  Mask.  The  superior 
undercutting  properties  result  in  exceptionally 
saooth-walled  waveguide  ridges.  Here,  a  setal 
has  been  deposited  to  better  illustrate  the 
process. 


The  tradeoff  between  ridge  height  and  channel  width  is  apparent  in 
Figure  3*8  which  shows  the  various  combinations  which  yield  single  aode 
guides  of  optlaal  confinement  (i.e.  V  =  3).  Curves  are  shown  for 
waveguldlng  films  of  ZnO  and  AI2O3  at  wavelengths  of  8 300  A  (AlGaAs)  and 
6328  A  (He-Ne),  in  all  cases  with  buffer  and  passivation  layers  of  S102* 
Thus,  with  a  fixed  channel  width  on  the  photomask,  variation  of  ridge 
height  was  used  to  compensate  for  all  changes  in  wavelength,  materials, 
and  processing. 
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Figure  3-8.  Dependence  of  Ridge  Height  on  Channel  Width.  The 
curves  are  based  on  an  effective  index  aodel. 


the  theoretically  based  curves  of  Figure  3-8  ere  based  on  an  effective 
Index  approx iaat ion:  separate  three-layer  planar  waveguide  solutions 
were  obtained  for  the  ridge  and  for  the  surrounding  field,  and  the 
resulting  aodal  Indices  were  then  used  in  solving  an  iaaginary  three- 
layer  synsetric  planar  structure  representing  the  waveguide  in  the 
lateral  dlaension.  While  this  aodellng  technique  is  sosewhat  lacking  in 
rigor,  it  is  known  to  yield  reasonable  solutions  so  long  as  the  ridge 
height  is  aoderate  and  the  node  is  well  confined.  Mueerical  techniques 
would  be  required  to  obtain  exact  solutions. 

The  photoaasks  used  in  Phase  I  of  the  prograa  were  designed  with 
waveguide  channel  widths  of  2.5  alcrons.  This  seeaed  a  reasonable 
coaproaise  between  adequate  lateral  conflneaent  and  ease  of  fabrication. 
However,  in  fabricating  these  channel  waveguides,  we  found  that  the 
channel  width  often  increased  to  2.7  or  2.8  alcrons  as  a  result  of  the 
various  processing  operations.  It  therefore  becaae  standard  practice  to 
aeasure  channel  width  in  the  developed  photoresist  prior  to  depositing 
the  waveguide  ridges.  This  enabled  us  to  adjust  ridge  height  as  a  aeans 
of  coapensating  variations  in  channel  width.  While  the  Indicated  ridge 
heights  of  only  150  to  300  A  appeared  to  provide  satisfactory  lateral 
conflneaent  for  AI2O3  channel  waveguides,  we  were  not  quite  coafortable 
accepting  ridge  heights  of  40  to  100  A  for  ZnO  guides.  Therefore,  in 
designing  a  new  aask  set  for  Phase  II  of  the  prograa,  we  decreased  the 
channel  width  to  2.0  alcrons.  This  resulted  in  actual  device  channel 
widths  close  to  our  target  of  2.5  alcrons. 


Figure  3-9.  End-Fire  Coupling  Facility 


Channel  waveguide  devices  were  tested  using  the  evaluation  facility 
pictured  in  Figure  3*9.  Polarized  light  froa  an  AlGaAs  diode  laser  (830 
na)  was  end-fire  coupled  into  each  saaple  using  a  diffraction  Halted 
0.276  If. A.  lens  of  14.5  aa  focal  length.  The  output  end  of  the  waveguide 
was  reiaaged,  92  percent  to  a  detector  and  8  percent  to  a  CIO  caaera,  by 
a  soaewhat  faster  0.5  N.A.  lens  of  8.0  aa  focal  length.  The  fraae-store 
equipped,  512  x  512  foraat,  CIO  caaera* s  15  ua  x  15  ua  pixels  scaled  to 
0.075  ua  x  0.075  ua  at  the  waveguide.  The  saaple  holder  and  lenses  were 
each  aounted  on  3-axls  translation  stages,  the  saaple's  stage  being 
equipped  with  piezo-translators  providing  50  ua  of  fine  adjustaent.  The 
SMA-connectorized  saaple  holder  was  designed  for  high  speed  electro- 
optical  testing  of  appropriately  packaged  waveguide  devices. 

Figure  3-10  shows  the  near  field  TE  and  TM  node  patterns  of  a  typical 
channel  waveguide.  These  digitized  patterns  have  been  renoraalized  to 
coapensate  for  the  fraae-store  board's  AGC  circuitry.  The  waveguides 
appear  to  be  strictly  single  node  with  no  aultlpllcity  of  lobes  and  no 
apparent  dependence  of  the  profiles  on  input  allgnaent.  The  observed 
aode  dlaensions,  aeasured  at  the  1/e  points,  are  2.6  ua  x  1.3  ua  for  the 
TE  aode  and  2.6  ua  x  1.2  ua  for  the  TM  aode. 


Figure  3-10.  Channel  Waveguide  Mode  Profiles.  These  near¬ 
field  patterns  were  iaaged  to  a  CIO  caaera.  The 
contours  represent  10  percent  intensity 
intervals  after  background  subtraction. 

The  presuaed  waveguide  structure  has  been  superiaposed  on  the  Figure 
3-10  aode  profiles.  This  structure  consists  of  a  0.43  ua  thick  AI2O3 
flla  deposited  over  a  2.5  alcron  wide  by  100  A  thick  ridge  of  Ta^. 
TajPs  was  substituted  as  a  ridge  naterial  because  it  has  a  refractive 
index  siailar  to  that  of  ZnO,  which  was  not  then  available.  Previous 
experience  had  shown  our  unannealed  Ta^  to  be  quite  lossy,  but  we 


anticipated  that  in  such  a  thin  layer,  it  would  have  negligible  effect 
on  either  the  attenuation  or  the  electro-optic  properties  of  the  result 
ing  waveguide.  Note  that  the  Ta^  ridge  thickness  is  not  drawn  to 
scale.  When  ZnO  continued  to  be  unavailable,  we  substituted  the  planar 
file  of  AI2O3.  While  correctly  predicting  single  aode  behaviour,  the 
effective  Index  aodel  does  not  adequately  describe  the  observed  eode 
shape,  predicting  Instead  eode  dlaensions  of  0.9  ua  x  4.6  ua  for  the  TE 
aode.  Coapared  to  the  aodel  predictions,  the  observed  aode  shapes  are 
auch  better  suited  for  coupling  to  optical  fibers. 

Figure  3-11  shows  representative  photos  of  the  Phase  I  channel  waveguide 
aask.  Waveguide  structures  in  the  Phase  II  Bask  are  siailar.  Mask 
photos  are  shown  because  the  actual  waveguides  are  nearly  invisible  and 
cannot  be  photographed.  The  Y-branch  couplers  consist  of  a  parabolic 
tapered  region  which  doubles  the  guide  width,  followed  by  a  bifurcation 
region  consisting  of  circular  arcs.  All  curved  waveguides  were  foraed 
using  circular  arcs  of  aaxiaua  possible  radius  in  order  to  ainiaize 
bending  losses.  The  4-port  directional  couplers  consist  of  identical 
parallel  waveguides  plus  curved  sections  to  handle  the  offsets  at  each 
end.  Coupling  regions  were  1  to  4  aa  long  with  channel  separations  of  2 
to  5  aicrons.  Back-to-back  tapers  were  included  to  assess  the  losses 
due  to  tapering.  Design  paraaeters  of  the  Y-branches,  directional 
couplers,  and  tapers  were  based  on  established  aatheaatical  aodels. 


Figure  3-11*  Photos  of  Channel  Waveguide  Mask.  A  Y-branch 
coupler,  part  of  a  directional  coupler,  back-to- 
back  tapers,  and  a  crossed  channel  structure  are 
pictured. 


We  originally  proposed  crossed  channel  waveguides  as  a  aeans  of 
implementing  electro-optic  grating  switches  in  channel  waveguides. 
Later  design  analysis  showed  that  a  sufficiently  long  interaction  length 
(crossing  region)  could  not  likely  be  obtained.  Nonetheless,  such 
structures  are  of  soae  interest  for  the  routing  of  signals,  and  we 
therefore  continued  to  occasionally  aeasure  the  insertion  loss  and 
crosstalk  properties  of  these  structures. 

Key  design  parameters  of  a  crossed  channel  waveguide  are  the  guide  width 
in  the  crossing  region  and  the  angle  of  intersection.  Parabolic  tapers 
were  used  to  expand  the  crossed  channels  to  widths  varying  from  2.5  un 
(no  taper)  to  30  ua.  The  wider  guides  are  therefore  aultiaode  in  the 
crossing  region,  although  all  light  is  intended  to  remain  only  in  the 
lowest  order  node.  Wider  tapers  were  expected  to  yield  lower  crosstalk 
at  the  expense  of  greater  aode  conversion  loss.  The  angle  of 
intersection  of  Phase  I  crossed  channel  waveguides  varied  froa  1.5  to 
3.0  degrees  with  the  shallower  angles  resulting  in  unacceptable 
crosstalk.  All  crossed  channels  on  the  Phase  II  aask  set  intersected  at 
3.0  degrees. 

We  used  end-fire  techniques  to  couple  830  na  laser  light  into  various 
Si02-Al203-Si02‘GaAs  channel  waveguide  structures  and  then  measured  the 
output  intensity  at  each  associated  output  port.  Comparing  the  total 
output  intensity  of  each  complex  structure  with  that  of  a  simple 
straight  channel  guide,  we  were  able  to  deduce  the  insertion  loss  of 
each  device.  Similarly,  by  comparing  the  ratios  of  output  intensities 
from  the  multiple  ports  of  a  single  device,  we  were  able  to  determine 
such  quantities  as  branching  ratios  and  crosstalk. 

The  overall  conclusion  froa  our  measurements  on  complex  waveguide 
structures — tapers,  Y-branches,  or  crossovers — was  that  none  of  them 
appeared  to  introduce  appreciable  Insertion  loss.  Each  sample  had  some 
bad  ports,  perhaps  as  a  result  of  point  defects,  but  no  single  structure 
yielded  consistently  low  throughput  froa  sample  to  sample.  Similarly, 
the  Y-branch  structures  appeared  to  divide  the  optical  power  evenly 
between  their  branches,  showing  no  more  variation  between  their  output 
ports  than  typical  pairs  of  adjacent  straight  guides.  Concerning  the 
crossed  channel  waveguide  structures,  it  was  observed  that  those  with  no 
expansion  (2.5  urn  width)  or  minimal  expansion  (5.0  un  width)  exhibited 
significant  crosstalk.  However,  even  the  widest  (30  un)  crossed 
channels  showed  no  significant  insertion  losses  attributable  to  their 
tapers. 

When  we  had  finished  the  throughput  measurements  of  the  more  complex 
waveguide  structures  on  a  sample,  we  then  occasionally  used  a 
destructive  cutback  method  to  determine  the  propagation  losses  of  the 
straight  channel  waveguides.  Samples  were  always  shortened  from  the 
output  end  in  order  to  maintain  constant  input  coupling.  Figure  3-12 
shows  the  results  of  one  such  series  of  measurements.  The  data  for  four 
parallel  straight  channels  show  an  average  propagation  loss  of  less  than 
1.0  dB/cm.  The  anomalous  data  points  for  the  0.7  cm  sample  length 
result  from  an  obviously  bad  edge  cleave. 
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Figure  3-12.  Propagation  Loss  of  Single  Mode  Channel 
Waveguides. 

FIBER -TO- WAVEGUIDE  COUPLING 

Initially,  fiber-to-flber  coupling  tests  were  used  to  deteraine  the 
suitability  of  etched  vee-grooves  for  fiber  allgnaent.  Single-aode 
fibers  having  a  125  alcron  cladding  dlaaeter  and  a  5  alcron  core 
diaaeter  were  butt-coupled  using  silicon  vee-grooves  for  allgnaent. 
Coupling  efficiencies  of  80  percent  and  better  were  routinely  obtained. 
Coupling  efficiency  showed  little  dependence  on  axial  rotation, 
Indicating  that  concentricity  of  fiber  core  and  cladding  would  not  be  a 
significant  problea . 

He  found  that  flber-to-flber  vee-groove  splices  could  be  aade  peraanent 
by  ceaentlng  with  UV  curing  epoxy.  As  a  side  benefit,  the  Index 
aatchlng  properties  of  the  epoxy  led  to  laproved  coupling  efficiency. 
To  solve  a  problea  of  excess  epoxy  contaalnating  adjacent  vee-grooves,  a 
technique  was  developed  whereby  the  cleaved  fiber  end  was  dipped  In 
epoxy  and  then  wiped  alaost  clean  prior  to  insertion  in  the  vee-groove. 
He  found  that  the  slight  pressure  required  to  seat  an  epoxied  fiber  In  a 
vee-groove  could  be  varied  so ae what  to  fine  tune  the  coupling.  This 
provided  a  weans  of  coapensating  variations  in  fiber  diaaeter  and  groove 
depth. 


Our  proposed  Approach  to  fabricating  the  fiber- to-waveguide  coupler  of 
Figure  1*4  involved  opening  channels  in  the  deposited  Si02-Zn0-Si02 
waveguide  structure  and  using  the  oxide  layers  as  an  etch  aask  for  the 
anisotropic  vee-groove  etch.  Because  of  the  difficulty  of  doing  photo 
lithography  on  significantly  nonplanar  substrates,  this  vee-groove  etch 
should  be  the  final  step  in  the  fabrication  process.  A  LAM  (plasma) 
etcher  was  used  for  aaking  quite  vertical  cuts  through  the  oxides, 
stopping  at  the  GaAs  substrate. 

Ideally,  the  depth  of  vee-grooves  would  be  limited  by  the  boundaries  of 
the  LAM-etched  slots  in  the  oxide  and  by  111  crystallographic  planes  of 
the  GaAs  substrate.  To  align  the  core  of  a  125  micron  diameter  fiber  to 
a  thin- film  waveguide  requires  a  groove  width  of  150  to  152  microns.  A 
longer  etching  time  should  produce  a  deeper  but  not  a  wider  vee-groove. 
Silicon  etchants  approach  this  ideal  and  the  precision  with  which  vee- 
grooves  can  be  etched  into  100  silicon  exceeds  typical  variations  in 
fiber  diameter.  GaAs  etchants,  on  the  other  hand,  are  not  nearly  as 
directional  and  thus  significant  undercutting  of  the  oxide  mask  occurs. 
UP  to  12  microns  or  so  of  undercutting  can  be  compensated  by  making  a 
narrower  slot  in  the  oxide,  but  the  slot  must  be  wide  enough  to  admit 
the  fiber  diameter.  Therefore,  the  rate  of  undercutting  must  be  less 
than  about  20  percent  of  the  vertical  (i.e.,  100)  etch  rate. 

A  number  of  GaAs  etchants  were  tested  in  an  attempt  to  find  one  that 
would  be  sufficiently  anisotropic.  Our  best  results  were  obtained  with 
acidic  hydrogen  peroxide  etchants.  These  consisted  of  varying  concen 
t  rat  ions  of  H2S0q:H202:H20,  HaPOqsH^Hjfl,  or  HCl:!^:!!^.  He  also 
tried  mixtures  of  NlU|0H:H2C^:i^0.  However,  after  extensive  experiments 
tlon  with  these  etchants,  we  were  lead  to  conclude  that  none  of  then 
would  offer  sufficient  anisotropy  for  single-mode  flber-to-waveguide 
coupler  vee-grooves.  Our  better  results  are  shown  in  Figure  3- 13- 


Figure  3-13*  Itched  Tee-Grooves  in  GaAs.  He  conclude  that 
available  GaAs  etches  are  not  sufficiently 
anisotropic  to  produce  vee-grooves  for  fiber 
alignment. 


In  contrast  to  the  GaAs  results,  excellent  vee-grooves  can  be  fabricated 
in  SI  using  KOH  as  the  etchant.  Figure  3-14  shows  typical  results 
obtained  under  a  Honeywell-funded  IR&D  prograa.  We  conclude  that  fiber- 
to-waveguide  coupling  to  GaAs  devices  is  best  accomplished  using  Si  vee- 
groove  blocks  for  fiber  allgnaent.  We  envision  two  distinct  variations. 
First,  fibers  could  be  embedded  in  a  silicon  block  which  would  then  be 
cut  and  polished  for  edge-to-edge  coupling  with  a  cleaved  GaAs  device. 
The  second  method  would  be  to  half  bury  cleaved  fibers  in  stopped  Si 
vee-grooves  and  then  mount  the  Si  block  face-to-face  with  a  GaAs  device 
so  that  the  cleaved  fiber  ends  would  butt  to  a  cleaved  edge  of  the  GaAs 
device.  The  second  method  has  the  advantage  of  not  requiring  edge 
polishing  of  the  Si  block.  We  were  unable  to  demonstrate  either  of 
these  alternative  methods  within  the  resources  of  the  prograa. 


Figure  3-14.  Etched  Tee-Grooves  in  Silicon.  Fabricated  under 
a  Honeywell- funded  IR&D  program,  these  precise 
grooves  indicate  the  type  of  structure  we  had 
hoped  to  demonstrate  in  GaAs. 

Another  aspect  of  fiber- to-waveguide  coupling  is  mode  matching.  In 
contrast  to  Tl:LiNb03  waveguides,  our  thin-flla  waveguides  are  well 
matched  to  diode  lasers  but  poorly  matched  to  fibers.  The  mode 
dimensions  of  our  single  mode  thln-film  waveguides  are  about  2.5  um 
horizontal  by  1.0  ua  vertical.  Typical  single  node  fibers  have  mode 
diameters  of  5  to  6  ua.  Simple  butt  coupling  of  fiber  to  waveguide 
results  in  losses  of  9  to  11  dB  due  almost  entirely  to  the  difference  in 
node  dimensions. 


There  are  a  nuaber  of  possible  approaches  to  improving  node  Batching. 
Horizontal  Batching  can  be  readily  achieved  by  tapering  the  channel 
waveguide  into  a  horn  structure.  As  reported  above,  we  were  successful 
in  showing  that  such  tapering  can  be  accoapllshed  with  negligible  aode 
conversion  losses.  Mode  aatching  in  the  vertical  dimension  is  less 
easily  achieved.  He  had  originally  proposed  using  an  optical  fiber  in  a 
transverse  vee-groove  as  a  cylindrical  lens,  overlooking  the  fact  that 
transverse  grooves  in  GaAs  have  dovetail  profiles.  A  better  approach  is 
to  increase  the  vertical  aode  diaenslon  of  the  thin-fila  waveguide  by 
reducing  the  thickness  of  the  waveguiding  fila. 

Figure  3-15  shows  the  dependence  of  aode  diaenslon  on  fila  thickness  for 
a  symmetric  Si02-Zn0-Si02  structure.  Figure  3-16  depicts  how  fila 
tapering  could  be  used  to  achieve  fiber-to-waveguide  vertical  aode 
aatching.  The  waveguiding  fila  thickness  of  3000  A  (4700  A  in  AI2O3)  is 
selected  in  order  to  achieve  low- loss  single-aode  operation.  For  a 
symmetric  guide  (one  having  identical  cladding  and  buffer  layers),  a 
auch  thinner  waveguiding  fila  will  result  in  a  significantly  increased 
aode  diaenslon.  A  fila  thickness  of  about  100  A,  equal  to  the  waveguide 
ridge  height,  should  result  in  a  vertical  aode  diaenslon  of  4  alcrons, 
about  the  saae  as  the  aode  diaaeter  of  an  optical  fiber. 


Figure  3*15.  Dependence  of  Mode  Diaenslon  on  ZnO  Fila 
Thickness.  The  aost  effective  (and  easiest) 
aethod  of  increasing  the  optical  aode  diaenslon 
is  to  decrease  the  ZnO  fila  thickness. 

An  appropriately  tapered  structure  can  be  produced  by  first  depositing 
the  100  A  ridge  and  then  using  a  aechanical  shadow  Bask  to  taper  the 
subsequent  planar  ZnO  deposition  to  zero  in  the  vicinity  of  the  vee- 
grooves.  The  exact  location  and  rate  of  the  tapering  are  not  critical; 
a  aore  gradual  transition  will  reduce  aode  conversion  losses,  but  a 
longer  propagation  distance  at  the  larger  aode  diaenslon  will  result  in 


greater  losses  to  the  substrate.  The  tapering  should  have  the 
additional  benefit  of  reducing  the  effective  refractive  index  of  the 
waveguide,  thus  reducing  Fresnel  reflections  at  the  junction.  Overall, 
the  coupling  loss  should  be  reduced  froa  an  initial  9-11  dB  to  perhaps 
3  dB. 
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Figure  3-16.  Concept  for  Flber-to-ltoveguide  Mode  Matching. 

The  shaded  areas  represent  the  optical  sode 
profile  at  three  dlssiailar  points  along  the 
path.  Tapering  the  ZnO  file  thickness  enlarges 
the  waveguide  aode  d liens ion  to  better  natch 
that  of  the  fiber. 

Because  suitable  waveguldlng  films  were  obtained  so  late  in  the  prograa, 
we  found  ourselves  unable  to  demonstrate  our  concept  for  vertical  aode 
aatching. 

ELECTRO-OPTIC  SWITCHES  AND  MODULATORS 

Electro-optic  devices  are  key  components  in  many  integrated  optic 
circuits.  ZnO  is  an  electro-optic  crystal  with  hexagonal  (6  am) 
symmetry.  Sputtered  films  of  ZnO  are  generally  polycrystalline  with  the 
c-axls  oriented  vertically  but  orthogonal  axes  oriented  randomly  in  the 
plane.  Therefore,  only  vertical  field  components  can  contribute  to  a 
net  electro-optic  effect.  The  relevant  electro-optic  coefficients  are 
rn  s  -1.4  x  10  pm/V  for  TE  modes  and  rjj  =  +2.6  x  10  pa /V  for  TM  modes. 
Although  parallel  surface  electrodes  will  yield  vertical  field 
components,  vertical  fields  are  more  efficiently  produced  by  placing 
electrodes  both  above  and  below  the  ZnO  film.  Despite  the  smaller  r  13 
coefficient,  TE  aode  devices  are  to  be  preferred  because  of  the  stronger 
attenuation  of  TM  modes  by  the  electrode  structure. 


Uncoapensated  ZnO  fllas  are  sealconducting.  An  average  breakdown 
voltage  Eggx  =  8  x  10®  V/a  has  been  reported;  corresponding  to  a  aaxlaua 
electro-opUcally  Induced  refractive  index  change  of  n  =  -n^r  E^^/2 
:  +4  x  10  .  For  electro-optic  devices  requiring  a  +  /2  phase  shift, 
electrical  breakdown  dictates  a  ainiaua  device  length  of  5  aa,  roughly 
twice  the  length  of  coaparable  LiNbO?  devices.  There  is,  however,  a 
significant  difference.  The  length  or  a  LiMbOo  electro-optic  device  is 
typically  Halted  by  the  need  for  a  reasonable  drive  voltage  (50-100  V), 
whereas  thin-fila  ZnO  devices  should  operate  at  such  lower  drive 
voltages  (8-12  V)  because  their  vertical  electrode  structure  typically 
results  in  a  narrower  electrode  gap.  Moreover,  higher  quality  fllas  are 
expected  to  exhibit  higher  breakdown  voltages.  The  conductivity  of  ZnO 
can  also  be  coapensated  by  doping  with  lithiua. 

Because  of  our  substitution  of  nonelectro-optic  AI2O3  for  ZnO,  we  were 
unable  to  test  any  electro-optic  switches.  We  have,  as  reported  above, 
fabricated  several  relevant  waveguide  structures  such  as  Y-branches  and 
directional  couplers.  It  was  our  intent  to  deaonstrate  thin-fila 
electro-optic  switches  of  both  the  directional  coupler  and  Mach-Zehnder 
types.  The  directional  coupler  switches  (Figure  1-2)  were  designed  with 
an  electrode  length  of  3  aa.  This  is  soaewhat  less  than  the  calculated 
ainiaua  length  based  on  average  breakdown  voltage.  We  felt,  however, 
that  the  benefits  of  deaonstrating  shorter  devices  outweighed  the  risk 
of  not  being  able  to  fully  aodulate  then.  ,  Since  the  ZnO  breakdown 
voltage  has  been  reported  to  vary  froa  5  x  10®  to  at  least  20  x  10®  V/a, 
it  seeaed  likely  that  at  least  soae  of  our  devices  would  be  electrically 
functional.  The  required  drive  signals  were  estiaated  to  be  in  the 
vicinity  of  20  volts. 

Had  we  been  successful  in  obtaining  ZnO  filas  of  acceptable  optical 
quality,  our  electro-optic  devices  would  have  been  as  short  as  their 
LiNb03  counterparts  while  operating  at  soaewhat  lower  drive  voltages. 

INTEGRATED  PHOTODETECTORS 

Staple,  efficient,  and  very  high-speed  Schottky  photodiodes  can  be 
easily  fabricated  on  seai-lnsulatlng  GaAs  substrates.  Such  a  detector 
consists  of  an  appropriately  patterned  pair  of  Schottky  aetalllzatlon 
contacts.  Under  Illumination,  photocarriers  are  generated  in  the  diode 
depletion  region  surrounding  each  Schottky  contact.  The  associated  DC 
photocurrent  Increases  aonotonlcally  with  increasing  bias  voltage. 
Generally,  in  order  to  obtain  a  large  area  detector,  the  Schottky 
aetalllzatlon  has  consisted  of  a  pair  of  lnterdigltated  electrodes.  A 
disadvantage  of  this  configuration  is  that  a  portion  of  the  incident 
light  is  blocked  by  the  electrodes.  Moreover,  a  channel  waveguide 
photodetector  need  not  have  a  large  area  of  sensitivity.  We  therefore 
developed  a  unique  approach  in  which  two  parallel  Schottky  electrodes 
straddle  the  channel  waveguide. 

Our  Integrated  waveguide  photodetectors  are  shown  in  Figure  3-17.  The 
electrodes  extend  through  an  opening  in  the  SIO2  buffer  layer  to  fora 
Schottky  contacts  to  the  seal-insulating  GaAs  substrate.  Depending  on 


the  doping  concentration,  a  biaa  voltage  of  20  to  50  volts  can  be 
expected  to  extend  the  diode  depletion  region  fully  across  the  8-aicron 
Inter-electrode  gap.  As  light  couples  froe  the  channel  waveguide  to  the 
higher  index  GaAs,  photocarriers  are  generated  in  the  inter-electrode 
gap.  Up  to  the  breakdown  voltage  of  the  GaAs,  the  photocurrent  should 
Increase  aonotonically  with  increasing  bias.  The  aeasured  perforaance 
of  a  typical  working  detector  is  shown  in  Figure  3-18. 
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Figure  3-17.  Integrated  Schottky  Photodetectors.  Slots  in 
the  Si(>2  buffer  layer  allow  coupling  of  light 
froe  the  thin-flla  channel  waveguides  to  the 
GaAs  substrate.  Two  parallel  Schottky  contacts 
straddle  each  slot  to  fore  a  staple  but 
effective  photodiode. 

For  the  parallel  electrode  geoeetry,  we  expected  virtually  no  absorption 
of  light  by  the  electrode  structure.  In  fact,  by  optionally  oeittlng 
the  buffer  layer  openings,  we  deeonstrated  that  we  could  sake  the 
detectors  invisible  to  the  optical  guided  waves.  This  proved  a  nost 
useful  option  when  testing  the  other  waveguide  devices. 

The  concept  worked,  but  soee  of  the  features  which  allowed  the 
photodetectors  to  be  optional  also  caused  their  yield  and  perforeance  to 
be  poor.  In  particular,  it  was  difficult  to  open  the  slots  in  the  thick 
SIO2  buffer  layer  and  do  the  liftoff  photolithography  in  a  Banner  which 
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would  yield  good  Schottky  contacts.  Probleas  included  photoresist 
residue  at  the  bottoe  of  the  slots  and  daaage  to  the  GaAs  substrate  by 
the  plasaa  etching  process.  Also,  the  8  aicron  inter-electrode  gap  Mas 
unnecessarily  wide  coepared  to  the  observed  waveguide  node  width  of  2.6 
■icrons. 
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Figure  3-18.  I-T  Characteristics  of  Back-to-Back  Schottky 
Photodetector. 

He  feel  these  channel  waveguide  photodetectors  could  be  considerably 
laproved  by  narrowing  the  inter-electrode  gap  to  about  4  aicrons  and 
coapletlng  the  Schottky  aetalllzation  prior  to  depositing  the  SIO2 
buffer  layer.  The  aaxiaua  useful  electrode  length  for  an  integrated 
waveguide  photodetector  is  dependent  on  the  distance  required  to  couple 
light  froa  the  wavegulding  fila  to  the  GaAs  substrate  and  also  on  the 
aaount  of  scattering  or  spreading  occurlng  when  the  optical  guided  wave 
encounters  the  buffer  layer  opening.  Excessive  electrode  length  (or 
width)  will  result  in  larger  dark  current  and  capacitance.  He 
fabricated  detectors  with  buffer  layer  openings  varying  in  length  froa 
50  to  300  aicrons.  However,  the  erratic  quality  of  the  Schottky 
contacts  prevented  us  froa  asking  Meaningful  coapar Isons. 
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SUMMARY  OF  ACCOMPLISHMENTS 


The  overall  objective  of  the  Thln-File  Optoelectronic  Circuits  Research 
Prograa  has  been  to  identify  and  investigate  IC-coipatible  fabrication 
processes  for  thin- f 11a  optoelectronic  circuits  of  ZnO  on  GaAs.  By 
substituting  ion-beaa  sputtered  AI2O3  for  ZnO,  we  achieved  significant 
results  on  a  nuaber  of  tasks  despite  a  continued  lack  of  suitable 
quality  ZnO  filas.  The  technology  which  we  have  developed  and 
deaonstrated  will  contribute  to  the  aonollthic  Integration  of  optical 
coaponents  with  aainstreaa  GaAs  and  Si  aicroelectronics.  Our  aajor 
accoapllshaents  are  as  follows: 

0  Established  the  suitability  of  plasaa  deposited  S102  as  a  low  index 
buffer  layer  for  thln-fila  waveguide  structures  fabricated  on  GaAs. 

o  Developed  and  deaonstrated  an  Innovative  and  versatile  ridge 
deposition  technique  for  fabricating  thin-fila  channel  waveguides 
having  overall  optical  attenuation  of  less  than  1  dB/ca  with 
alniaal  scatter  due  to  sidewall  roughness. 

o  Fabricated  and  tested  a  variety  of  low  optical  attenuation,  single 
aode,  channel  waveguide  bends,  tapers,  Y-couplers,  directional 
couplers,  and  crossovers. 

o  Proposed  two  fiber- to-wavegulde  coupling  techniques  utilizing 
silicon  vee-grooves  and  deaonstrated  flber-to-flber  allgnaent  with 
coupling  efficiencies  of  better  than  80  percent.  Developed  a 
set hod  of  permanently  ao unting  fibers  in  vee-grooves. 

o  Designed  efficient  thln-fila  ZnO  electro-optic  switches  which  we 
expect  could  operate  at  lower  drive  voltages  than  LlNb03  switches 
of  coaparable  length. 

o  Developed  and  successfully  deaonstrated  a  novel  concept  for 
aonollthically  Integrated  channel  waveguide  Schottky 
photodetectors. 

o  Developed  and  extensively  refined  an  IC-coapatible  fabrication 
process  for  thin-fila  optoelectronic  circuits  on  GaAs. 

0  Designed  and  atteapted  fabrication  of  a  thin-fila  optoelectronic 
circuit  which  Included  1  x  4  and  2x2  optical  crossbar  networks, 
Mach-Zehnder  lnterferoaetric  waveguide  aodulators,  and  integrated 
GaAs  photodetectors. 


Section  IV 

DIRECTIONS  FOR  FUTURE  RESEARCH 


The  Thin-Film  Optoelectronic  Circuits  Research  Program  has  successfully 
developed  and  demonstrated  IC-compatible  fabrication  of  several  thin- 
film  integrated  optic  devices  on  GaAs  substrates.  When  compared  to 
AlGaAs  devices  on  GaAs,  our  thin-film  waveguide  devices  exhibit  the 
advantages  of  lower  attenuation  loss  and  greater  ease  of  fabrication. 
Although  we  have  not  explicitly  demonstrated  the  integration  of  optical 
and  electronic  components  on  a  common  substrate,  the  IC  compatibility  of 
our  fabrication  process  makes  the  feasibility  of  monolithic  integration 
a  virtual  certainty. 

The  first  task  of  further  research  is  to  complete  the  demonstration  of 
electro-optic  switching  in  thin-film  channel  waveguides.  Although  we 
were  unable  to  obtain  ZnO  films  of  sufficient  optical  quality,  we  did 
demonstrate  the  relevant  waveguide  structures  and  fabrication 
procedures.  As  several  research  groups  have  already  shown,  a  modest 
materials  program  using  a  dedicated  r.f.  sputtering  system  can  produce 
ZnO  thin  films  of  high  optical  quality. 

The  logical  next  step  following  a  successful  demonstration  of  electro¬ 
optic  switching  is  the  integration  of  thin-film  waveguide  devices  with 
an  AlGaAs  diode  laser.  The  ability  to  monolithically  integrate  a  laser 
has  formed  Honeywell's  primary  justification  for  fabricating  thin-film 
ZnO  optical  circuits  on  substrates  of  GaAs  rather  than  silicon.  As 
demonstrated  in  our  Fiber  Optic  Gyro  program  (IR&D),  silicon  substrates 
have  the  advantages  of  a  high  quality  native  oxide  and  superior 
anisotropic  etching  properties.  The  key  technical  challenge  to 
monolithically  integrating  an  AlGaAs  laser  with  ZnO  (or  any  other) 
waveguide  devices  involves  developing  an  on-chip  mirror  that  will 
facilitate  coupling  of  the  laser  to  an  on-chip  thin-film  waveguide.  Two 
possibilities  include  ion-etched  facets,  and  grating  mirrors  such  as 
those  used  on  distributed  Bragg  reflector  (DBR)  lasers;  the  former 
promises  greater  ease  of  coupling  to  thin-film  waveguides. 

A  third  area  meriting  further  investigation  is  the  incorporation  of 
acousto-optic  devices  with  thin-film  optoelectronic  circuits.  Whereas 
GaAs  Itself  has  negligible  piezoelectric  coefficients,  oriented  ZnO  thin 
films  exhibit  a  moderately  strong  piezoelectric  effect  which  can  be  used 
to  launch  surface  acoustic  waves  (SAWs)  by  means  of  interdigitated 
electrode  transducers.  Optoelectronic  circuits  relying  solely  on 
channel  waveguides  and  electro-optic  switches  offer  high-speed 
operation,  but  they  have  been  of  rather  limited  complexity  because  of 
the  long  electrode  length  (millimeters)  needed  to  obtain  a  sufficient 
interaction.  By  contrast,  SAW  devices,  using  planar  ZnO  waveguides,  can 
take  advantage  of  the  massive  parallelism  inherent  in  optics.  Possible 
devices  include  the  RF  spectrum  analyzer  and  the  synthetic  aperture 
radar  (SAR)  processor. 


Section  V 
APPENDIX 


PROGRAM  ORGANIZATION 


Figure  5-1.  Prograa  Organization. 


PUBLICATIONS 

The  following  patents  and  publications  are  anticipated  to  result  froa 
the  Thin-Flla  Optoelectronic  Circuits  Research  Prograa: 

o  Channel  Waveguide  Schottky  Photodiode.  A  patent  disclosure 
describing  our  aonolithlcally  integrable  back-to-back  Schottky 
diode  photodetector. 

o  Low-Loss  Thin-Flla  Ridge  Waveguides  on  GaAs.  A  journal  article 
describing  our  AI2O3  ridge  waveguide  and  Integrated  photodetector 
fabrication  processes  and  reporting  channel  attenuation  losses  of 
0.9  dB/ca.  In  preparation  for  subaission  to  Applied  Optics. 
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PHASE  I  MASK  SET 
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Figure  5-2.  Computer  Plot  of  Phase  I  Meek  Set.  The  eetal 
lizatlon  pettern  (rectangles)  on  the  first  sask 
level  helped  in  locating  and  Identifying  the 
channel  waveguide  structures  while  also  absorbing 
unwanted  planar  waveguide  aodes. 
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PHASE  II  MASK  SET 


The  next  several  figures  are  CALMA  plots  of  the  six  level,  Phase  II  aask 
set.  This  e-beaa  generated  aask  set  has  been  shared  equally  by  the 
Thin-Fila  Optoelectronic  Circuits  Research  Program  (bottom  half,  ZnO  on 
GaAs)  and  the  Honeywell- funded  Fiber  Optic  Gyro  Program  (top  half,  ZnO 
on  Si).  The  decision  to  share  the  aask  set  between  two  programs  was 
based  on  a  desire  to  maximize  the  number  of  mask  design  iterations 
affordable  within  each  program's  budget.  Overall  chip  dimensions  are 
30  am  by  21  mm,  of  which  equal  30  am  by  9  am  areas  are  devoted  to  each 
program  and  the  remaining  space  (three  areas,  each  30  am  by  1  am) 
contains  alignment  marks  and  test  patterns.  Vee-grooves  on  200  micron 
centers  occupy  the  last  5  am  at  each  end  of  the  chip,  leaving  each 
program  with  an  area  of  20  mm  by  9  am  for  waveguides  and  active  devices. 


Figure  5-3.  Computer  Plots  of  Phase  II  Mask  Set.  Following 
an  all-layers  plot,  plots  of  individual  mask 
levels  are  presented  in  the  order  of  their 
occurrence  in  the  fabrication  process. 
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